Objective: To provide a comprehensive description of motor speech function in behavioral variant frontotemporal dementia (bvFTD).
Results: Speech of affected individuals was significantly different from that of healthy controls. The speech signature of patients with bvFTD is characterized by a reduced rate (75%) and accuracy (65%) on alternating syllable production tasks, and prosodic deficits including reduced speech rate (45%), prolonged intervals (54%), and use of short phrases (41%). Groups differed on acoustic measures derived from the reading, unprepared monologue, and diadochokinetic tasks but not the days of the week or sustained vowel tasks. Variability of silence length was associated with cortical thickness of the inferior frontal gyrus and insula and speech rate with the precentral gyrus.
Conclusions:
One in 8 patients presented with moderate speech timing deficits with a further twothirds rated as mild or subclinical. Subtle but measurable deficits in prosody are common in bvFTD and should be considered during disease management. Language function correlated with speech timing measures derived from the unprepared monologue only. Neurology ® 2017;89:837-844 GLOSSARY ALS 5 amyotrophic lateral sclerosis; AMR 5 alternating motion rate; bvFTD 5 behavioral variant of frontotemporal dementia; CBD 5 corticobasal degeneration; CI 5 confidence interval; DDK 5 diadochokinesis; FTD 5 frontotemporal dementia; lvPPA 5 logopenic variant primary progressive aphasia; nvPPA 5 nonfluent variant primary progressive aphasia; PALS 5 Progressive Aphasia Language Scale; PPA 5 primary progressive aphasia; PSP 5 progressive supranuclear palsy; ROI 5 region of interest; SMR 5 sequential motion rate; svPPA 5 semantic variant primary progressive aphasia.
The behavioral variant of frontotemporal dementia (bvFTD) is a neurodegenerative disorder representing approximately half of the frontotemporal lobar degenerative disorders. 1 bvFTD is characterized by disinhibition, apathy, perseverative or compulsive behaviors, hyperorality, functional disability, and executive deficits with relative sparing of memory and visuospatial functions. 2 Motor symptoms are not considered core characteristics of bvFTD, yet around 20% of cases using the latest diagnostic criteria present with motor deficits (e.g., parkinsonism, apraxia, gait disturbance). 3 These findings have led some to suggest that motor symptoms should be included as additional features in the International Consensus Criteria for bvFTD overt motor speech impairment, with motor speech deficits usually considered a core diagnostic feature of another frontotemporal dementia (FTD) syndrome, nonfluent variant primary progressive aphasia (nvPPA). 8 Neuropathologically, bvFTD is characterized by both frontotemporal-parietal cortical atrophy and changes in white matter tract integrity connecting these regions. 9, 10 The disease has its genesis in the anterior and basal aspects of the frontal lobe, spreading further into the frontal and temporal lobes and subcortex, eventually involving cortical, brainstem, and spinal motor regions.
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The overlapping symptomatology of bvFTD in some patients with clinical syndromes associated with corticobasal degeneration (CBD), 12 progressive supranuclear palsy (PSP), 13 and amyotrophic lateral sclerosis (ALS) 14 can make initial diagnosis difficult.
15
The FTD-motor neuron disease continuum represents a clear example where there is often clinical heterogeneity and variability in disease trajectory given the presence of cognitive, behavioral, and motor deficits. 11 The absence of definitive biomarkers prior to postmortem confirmation, and the phenotypic overlap between multiple disorders, means ongoing refinement of the phenotype may improve diagnostic accuracy, capacity to monitor disease progression, and identify targets for intervention.
METHODS Participants. Twenty-four patients (mean age 63.2 years [SD 8.6], 10 male) diagnosed with bvFTD according to established criteria 2 were recruited from the Eastern Cognitive Disorders Clinic, Melbourne, Australia. Motor characteristics of other clinical syndromes were described separately. We used the clinical diagnosis as our starting point, then checked the clinical features of each patient against the published criteria. 2 Only patients with a clinical diagnosis of bvFTD who fulfilled the published criteria for probable (not possible) or definite (for those with a known gene mutation) were included in this study. No patients with a motor disorder (e.g., CBD, PSP, ALS) were included in the study. Patients were compared with 24 age-and sex-matched healthy controls (mean age 60.2 years [SD 9.9], 10 male). Mean age at onset was 58.2 years (SD 6.8) and years since diagnosis was 5.0 (SD 3.52) for patients with bvFTD. All controls were native speakers of English and had perceptually normal speech, as judged by 2 speech-language pathologists. No differences in age were observed between groups (p . 0.69).
Standard protocol approvals, registrations, and patient consents. Written informed consent was obtained from all participants or their legal guardians. The study was approved by the Human Research Ethics Committee of The University of Melbourne and Eastern Health, Australia.
Speech and language assessments. Language was assessed using the Progressive Aphasia Language Scale (PALS) 16 and 3 verbal fluency tasks (1, animals; 2, letters; 3, alternating between furniture and fruit). Speech was assessed by eliciting 5 different speech samples designed to reflect varying levels of automaticity and complexity. 17 In reverse order of automaticity, tasks included (1) a monologue for a minimum of 40 seconds within a prespecified semantic category (i.e., tell a story with positive content or happy memory); (2) reading a phonetically balanced paragraph, the Grandfather passage (169 syllables); (3) saying the days of the week; (4) sequential motion rate (SMR) and alternating motion rate (AMR) tasks (i.e., papa or pataka); and (5) sustained vowel /a:/. The monologue is an unprepared task requiring simultaneous novel language formulation and speech production, arguably making it the most cognitively demanding task of the 5 tasks. The reading task does not require novel language formulation; however, it does educe cognitive processes beyond recollection of simple phonetic structures, such as those produced during the SMR task. The days of the week task was designed as an automated stimulus that was identical for all groups, yet did not rely on reading ability. The AMR/SMR tasks were elicited with the instruction "say /stimuli/ repeatedly for 10 seconds as quickly and clearly as possible." The reading, automated, and SMR/AMR tasks were elicited twice to mitigate the effect of unfamiliarity or anxiety associated with experimental testing conditions. 18 These tasks are stable following a practice trial and sensitive to change and impairment 19 (see table 1 for analysis details). Samples were recorded using a Marantz PMD671 solid state recorder coupled with an AKG C520 cardioid head-mounted (frequency range, 20-20 KHz; sensitivity, 243 dB) condenser microphone positioned at a 458 angle 8 cm from the mouth. Recordings were sampled at 44.1 KHz and quantized at 8 bits. Speech was quantified via acoustic analysis. Acoustic measures and corresponding tasks are detailed in table 1. A logarithmic natural transformation was applied to all acoustic variables except harmonics to noise ratio to normalize distributions enabling the use of parametric statistical tests. Perceptual characteristics were rated by 2 speech pathologists blinded to diagnosis using consensus ratings. Severity was rated on a scale of 0-4 where 0 5 no impairment, 1 5 subclinical impairment (perceivable but not clinical), 2 5 mild, 3 5 moderate, and 4 5 severe impairment.
MRI data acquisition and analysis. 3D isotropic T1-weighted magnetization-prepared rapid gradient echo scans were acquired on a clinical Siemens (Munich, Germany) Aera 1.5T scanner (Eastern Health, Australia). The parameters applied were as follows: flip angle 5 158, field of view 5 256 3 256, repetition time 5 1,900 ms, echo time 5 2.67 ms, matrix size 5 256 3 256 pixels, slice thickness 5 1 mm, number of slices 5 144. Data analyses were conducted using Freesurfer version 5.1.3 using standard defaults (surfer.nmr.mgh.harvard.edu). Freesurfer processing includes correction for magnetic field inhomogeneities and skull stripping to remove nonbrain tissue. Segmentation of gray and white matter structures was reconstructed to measure thickness at each surface location, using a semiautomated approach. 20 Regions of interest (ROIs) were parcellated according to procedures outlined by Freesurfer. 21 ROI masks were inspected following semiautomated classification and manual edits were made where needed. Whole brain volume was determined via intracranial volume and global measures of cortical gray and white matter were obtained. Volumetric measures (average gray matter thickness) were created for left and right insulae, pars opercularis, precentral gyrus, and caudate nucleus. ROIs were identified as salient sites for speech motor control based on primary progressive aphasia (PPA)/bvFTD imaging data.
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Statistical analysis. Differences between groups were explored using parametric and nonparametric methods. Speech acoustic data were compared via independent sample t tests. Language and speech outcomes derived perceptually were compared using nonparametric equivalents (MannWhitney U). Spearman r was used to examine correlations between language outcomes on the PALS and verbal fluency with acoustic speech outcomes that significantly differed between healthy controls and bvFTD. Correlations between ROIs and acoustic speech outcomes that significantly differed between healthy controls and bvFTD were calculated using Spearman r with an adjusted significance level of p , 0.005 to cater for multiple comparisons.
RESULTS Language. Significance was adjusted for multiple comparisons (p , 0.005). Differences between groups were observed on the single word comprehension domain of the PALS (U 5 3.51, p , 0.001) and the 2 semantic verbal fluency tasks (category: U 5 23.45, p , 0.001; alternating: U 5 23.9, p , 0.001) (table e-1 at Neurology.org). No other language domains differed between groups. Associations were observed between mean silence length and silence length variability on the free speech task and performance on the naming (p , 0.001) and sentence comprehension domains of PALS (p 5 0. 002) as well as all 3 verbal fluency tasks (category: p , 0.001; letter: p 5 0.003; alternating: p , 0.001). Proportion of silence on the free speech task was correlated with category and alternating verbal fluency tasks (p 5 0.001 and p , 0.001 respectively). No other significant correlations were observed between speech and language measures.
Subjective: Listener-based analysis of speech. Significance was adjusted for multiple comparisons (p , 0.005). A total of 75% (95% confidence interval [CI] 58%-92%) of patients presented with some form of speech deficit compared to age-and sex-matched controls, demonstrating that speech impairment is a very common feature of bvFTD. Four of the 26 perceptual measures differed (i.e., p , 0.005) between patients and controls: speech rate (p 5 0.002), use of short phrases rather than longer complex sentences (p 5 0.002), prolonged intervals (p , 0.001), and speed during diadochokinesis (DDK) (p 5 0.003). A further 9 measures did not differ between groups following adjustment for Objective: Acoustic analysis of speech. When adjusted for multiple comparisons (set at p , 0.005), differences were observed between groups on 11/19 acoustic measures including the reading task (percent silence, speech rate), the unprepared monologue task (mean pause length, variability of silence length, percent silence), the AMR task (average rate, mean period length), and the SMR task (average rate, mean period length) (table 3) . No differences were observed between groups on the remaining acoustic measures including fundamental frequency, voice quality, or timing measures derived from the days of the week task.
Correlation between acoustic measures of speech and MRI ROIs. Only those acoustic speech measures differing significantly between groups were examined. Significance was adjusted for multiple comparisons (p , 0.005). The size of correlations between some measures of speech timing derived from the reading task and ROIs were meaningful with large effect sizes (where small, medium, and large effects are r 5 0.1, 0.3, 0.5, respectively 25 ); however, they were not statistically significant following adjustment for multiple comparisons. Large correlation coefficients were observed: silence length variability and cortical thick- DISCUSSION Motor speech impairments are described as an additional feature of bvFTD by some, 4 yet there is no systematic or objective evidence on their nature and severity. We present a comprehensive description of motor speech function in bvFTD. Objective and listener-based comparisons showed differences between the motor speech profile of patients with bvFTD and age-/sex-matched healthy controls. Three-quarters of patients with bvFTD presented with speech deviating from healthy controls on select tasks. The speech signature of bvFTD is Table 3 Acoustic profile of patients with behavioral variant of frontotemporal dementia (bvFTD) and healthy controls characterized by short phrases (rather than longer complex sentences) and variable and prolonged intervals between words, resulting in reduced rate during conversation, reduced stress, and slower rate and regularity during DDK tasks. Some of these prosodic deficits were observed in 75% (95% CI 58%-92%) of patients, half with subtle impairments and half rated as mild or moderate severity. A smaller proportion of patients also presented with subtle (subclinical) evidence of strain-strangled voice quality (45%), imprecise consonants (32%), and phonemic errors (25%), deviating from controls. Patients with bvFTD performed worse on single word comprehension and verbal fluency tasks compared to controls, similar to earlier reports. 7 These deficits combine to produce speech distinct from healthy speakers and other PPAs (see supplementary audio files 1-3 for prototypical examples of speech of patients with bvFTD). The speech signature of bvFTD does not suggest a profile of apraxia of speech common in nvPPA or halting production as severe as in semantic variant PPA (svPPA) or logopenic variant PPA (lvPPA) but a timing-based deficit in the absence of other overt signs of dysarthria such as clinically observable slurred speech. These data in part support earlier work describing patients with bvFTD producing speech at a reduced rate with shorter phrases on a picture description task compared to healthy speakers. 26 All FTD and PPA syndromes result in a slower rate of speech. 6 Syndromes differ because of the presence or absence of language or apraxia-based speech deficits. In svPPA and lvPPA, a slow rate of speech can result from word-finding difficulties, 27, 28 whereas slow or halting speech in nvPPA can arise from agrammatism, apraxia of speech, and oral apraxia. 28 The speech profile of lvPPA is dominated by phonologic sound substitutions (phonemic paraphasias) in the absence of motor speech errors 6, 28 and individuals with nvPPA can present with consonant and vowel distortions, groping, prolonged phonemes, and excess and equal stress. 29 In line with the diagnostic criteria for bvFTD, the reduced rate of speech observed in patients with bvFTD compared to controls could arise from deficits in executive functioning rather than overt issues relating to speech motor planning or semantic/lexical retrieval. If timing data from reading and monologue tasks were taken alone, the speech of patients with bvFTD appears to be the result of cognitive decline. However, evidence of mild to moderate deficits demonstrated in less cognitively demanding tasks such as DDK suggest an underlying motor timing deficit affecting speech in conjunction with existing cognitive decline.
No correlations survived adjustment for multiple comparisons and these data need to be interpreted with caution. Large correlation coefficients (i.e., r 5 0.52-0.66, p , 0.05) were observed between measures of timing in areas traditionally associated with speech. Variability of silence length correlated with cortical thickness of the inferior frontal gyrus and insula and speech rate with the right precentral gyrus. These regions have been repeatedly cited as critical sites for articulatory planning, 30 speech fluency, 31 and coordination of muscles engaged in phonation and articulation.
32 Surprisingly, performance on the DDK task correlated with average thickness of the temporal poles bilaterally. The DDK task requires the rapid repetition of sequentially changing syllables (i.e., pataka) as quickly and as clearly as possible and difficulties completing this task are thought to reflect impairment in speech planning or execution. Functional imaging work suggests this region may be involved in semantic processing 33 with involvement of the temporal poles in a broader language network. 34 The mild deficits in speech sequencing observed in this study may be the result of deterioration of high-level cognitive control and attentional processes, 35 possibly linked to decreased cortical connectivity within the salience network. 36 However, the link here may not be causative but concurrent, given the role temporal poles play in regulating emotion processing in behavioral disorders. 37 We observed that some speech tasks and acoustic measures (such as timing metrics derived from the monologue, reading, DDK) were sensitive to speaker pathology, whereas others were disordered in both patients with bvFTD and healthy controls (e.g., hoarse voice, 75%; monopitch, 38%). If as suggested, speech tasks fit along a continuum of automaticity, 17 those tasks with increased cognitive load (e.g., unprepared monologue) should be more adversely affected by cognitive disorders where a motor impairment is not anticipated. This hypothesis is supported here, with the only statistically significant relationship observed between language domains and measures of speech timing derived from the monologue task (theorized to be the most cognitively demanding task). No relationship was observed between performance on language tests and the DDK task. Here we found differences between groups on both connected speech tasks with low levels of automaticity (reading, monologue) and speech tasks primarily designed to examine motor speech function with less demand on language formulation (DDK), suggesting a combination of both cognitive and motor impairment in patients with bvFTD. The motor demands of the DDK task (i.e., coordinating 3 subsystems of speech [respiration, phonation, and articulation] repetitively while changing place of articulation [lips, alveolar, back]) can be challenging in patients with neuromuscular disorders and are often used in oral motor examinations and disease severity scores. Impaired performance on DDK tasks is not, however, typically associated with behavioral disorders such as dementia, where deficits on the task may be the result of impaired attention or reduced motivation. It is possible that aspects of bvFTD play a part in this experimental context. Similarly, the novelty of DDK tasks may result in altered production, as speakers unfamiliar with the task may produce speech differently from controls. The effect of task novelty, however, was thought to be mitigated by eliciting a practice of the protocol prior to analysis. 19 Further, if attention or motivation were the reasons behind DDK deficits observed here, similar differences between groups may be found on other simple tasks, such as days of the week, which is brief, does not require reading, and is potentially likewise demotivating for the speaker.
Objective measures of speech that utilize continuous variables can assist in quantifying the degree and nature of deficits, with particular sensitivity for measuring change over time or in response to treatment. 18 With a few exceptions, 23 acoustic analysis and subsequent objective differentiation of bvFTD and PPA speech profiles is not widely pursued as characterization in the dementias continues to rely on subjective clinical judgment. This may be mainly for practical reasons, as examiners tend to make clinician-based judgments, sometimes strengthened by semiquantitative analysis of connected speech (e.g., error rates, syntactic complexity, lexical and semantic content 38, 39 ). Findings from this study demonstrate the utility of combining objective and listener-based judgements of speech by describing the speech signature of bvFTD.
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